Introduction
Recent evidence suggests that the sphingolipid ceramide in addition to structural roles plays an important function as a second messenger in a number of signal transduction pathways (reviewed in Testi, 1996; Hannun, 1996; Kolesnick and KroÈ nke, 1998; Levade and Jarezou, 1999) . A wide array of biological responses to extracellular stimuli have been described to be mediated by the intracellular generation of ceramide. Among these eects is the induction of apoptotic cell death triggered by various stress agents, including ligation of the 55 kDa TNF and CD95 (Fas/APO1) receptors, ionizing and UV radiation, anti-cancer drugs, heat shock and oxidative stress. Ceramide has been proposed to mediate apoptosis induced by these agents, because the stimuli prompt the production of ceramide from sphingomyelin hydrolysis, and exogenously added short-chain ceramides can mimic the apoptotic eect (Obeid et al., 1993; Gulbins et al., 1995; Cifone et al., 1994) .
Dierent downstream actions of generated ceramide have been proposed. It was described that ceramide can be shuttled to the Golgi complex where it is converted into gangliosides (De Maria et al., 1997) . CD95 ligation or treatment with ceramide resulted in the accumulation of the ganglioside GD3, an event, which was inhibited by caspase inhibitors. It was suggested that during CD95-mediated apoptosis, GD3 ganglioside might be targeted to mitochondria where it alters mitochondrial function and causes cell death (Rippo et al., 2000) . In another recent hypothesis, it has been proposed that the release of ceramide is essential for ecient signaling of the CD95 receptor in sphingolipid-rich membrane rafts Cremesti et al., 2001) . Sphingomyelin hydrolysis increases membrane¯uidity and lateral mobility of membrane constituents. Thus, this concept suggests that ceramide may be not absolutely necessary for CD95-induced apoptosis, but may facilitate physiological receptor signaling under certain conditions.
In contrast to these ideas, there is an extensive debate about the mechanisms of ceramide generation and its relevance as an intracellular death mediator in the apoptotic response (Hofmann and Dixit, 1998) . Ceramide can be generated either by hydrolysis through sphingomyelin-speci®c phospholipases C, termed sphingomyelinases (SMases), or by de novo synthesis through the enzyme ceramide synthase. There are at least three forms of SMases that can be distinguished by their pH optimum and subcellular localization (reviewed in Gulbins et al., 2000) . Sphingomyelin hydrolysis by either a neutral or acidic SMase has been recognized as a universal pathway for ceramide production (Levade and Jarezou, 1999) . On the other hand, de novo ceramide biosynthesis also has been implicated in apoptosis induction by anticancer drugs (Bose et al., 1995) . It was previously shown that CD95-and stress-induced ceramide formation in Jurkat T cells is a slow event, which is secondary to caspase activation and cytochrome c release from the mitochondria (Tepper et al., 1997 (Tepper et al., , 1999 . These ®ndings argue against a triggering role for ceramide in apoptosis, at least in this cell system. Finally, natural ceramide formed or introduced into the acidic compartments appears to be unable to escape from these organelles (Chatelut et al., 1998) , which makes it dicult to understand how hydrophobic ceramide could activate protein targets present in the cytosol or other subcellular compartments.
The acidic SMase is mostly held responsible for generating apoptotic ceramide. The defect of this lysosomal enzyme, which causes the hereditary Niemann-Pick disease (NPD) type A, results in the massive accumulation of sphingomyelin in lysosomes and death in early childhood (Kolodny, 2000) . However, knockout mice of acidic SMase display the lysosomal storage disorder of NPD, but fail to show developmental defects that should be a consequence of an impaired apoptosis, such as CD95 or CD95 liganddefective phenotypes (Otterbach and Stoel, 1995; Horinouchi et al., 1995) . Furthermore, studies of CD95-mediated apoptosis derived from NPD patients have recently yielded con¯icting results. De Maria et al. (1998) , using Epstein ± Barr virus-transformed Blymphocytes from a NPD patient, demonstrated a resistance of cells lacking acidic SMase to CD95-induced apoptosis. In contrast, using the same NPD lymphoid cell line, Boesen-de Cock et al. (1998) found that ligation of CD95 did induce apoptosis in these cells and that, although transfer of wild-type acidic SMase gene into these cells restored SMase activity, it had no eect on cell death induction. The discrepancies between these studies are dicult to explain but may be caused by the fact that virally transformed cell lines might have lost their susceptibility to apoptosis for reasons other than that of defects in the primary cells.
In the present study, we therefore examined the occurrence of apoptosis in primary cells from a Farber disease patient. Farber disease, also called Farber lipogranulomatosis, is a rare lysosomal storage disorder characterized by an inherited de®ciency of acidic ceramidase, which catalyzes the hydrolysis of ceramide to free fatty acid and sphingosine (Koch et al., 1996) . Patients with Farber disease accumulate ceramide in most tissues, leading to painful swelling of the joints and tendons, pulmonary insuciency, and a shortened life-span (Fujiwaki et al., 1992; Moser et al., 1969) . We demonstrate that, when stimulated with staurosporine, chemotherapeutic drugs or ionizing radiation, Farber cells underwent apoptosis just as control cells, and activated caspases with similar kinetics. Due to a lack of ceramidase, however, cell-permeable ceramides had a stronger pro-apoptotic activity in Farber cells than in control cells. Interestingly, also anti-CD95 induced apoptosis occurred in Farber cells with accelerated kinetics. Our data suggest that ceramide and the accumulation of ceramide due to defective acidic ceramidase may not play an important role as a mediator in drug-and irradiation-induced apoptosis. Furthermore, the accelerated apoptosis of Farber cells in response to CD95 ligation might be compatible with the recent ®nding of ceramide as a facilitator and ampli®er of receptor signaling in lipidrich microdomains.
Results

Biochemical characterization of Farber disease cells
We investigated the occurrence of apoptosis in lymphocytes and ®broblasts from a two-year old girl with Farber disease. Since viral transformation and immortalization might alter apoptosis sensitivity during cell culture, only primary cells were analysed in this study. The patient suered from progressive joint contractures, painful subcutaneous nodules and voice hoarseness (Figure 1a) . No systemic involvement of the nervous system, lungs, heart, spleen, and liver was detected by clinical investigation. The diagnosis was con®rmed by measurement of ceramidase activity in primary ®broblasts. To this end, cells were grown in medium containing 3 H-labeled glucosylceramide. Cellular lipids were then extracted, analysed by thinlayer chromatography and quanti®ed by radioscanning. As illustrated in Figure 1b , Farber disease ®broblasts exhibited a three-to fourfold increase in intracellular ceramide concentration as compared to control ®broblasts from an age-matched person, thus indicating a metabolic block in the ceramide pathway. These results are in accordance with previously reported defects in acidic ceramidase activity measured in cell extracts (Chatelut et al., 1996; Qualman et al., 1987) .
Control and Farber disease lymphocytes are equally sensitive to anticancer drug-and irradiation-induced apoptosis
Because several stress signals have been reported to induce apoptosis in lymphoid cells by the release of ceramide, we ®rst investigated the apoptosis sensitivity in primary blood lymphocytes of the Farber disease patient. In initial experiments we used staurosporine, an inhibitor of protein kinases, to induce apoptosis. As shown in Figure 2 , incubation of primary blood mononuclear cells with staurosporine almost equally induced cell death of control and Farber cells when measured by the uptake of propidium iodide. Very similar results between both cell populations were obtained by measurement of hypodiploid DNA (data not shown). Furthermore, in response to staurosporine Farber lymphoid cells underwent apoptosis with a similar time course as their normal counterparts ( Figure 3a ).
To investigate whether the sensitivity of Farber cells was restricted to staurosporine, we examined the eect of other proapoptotic stimuli including anticancer drugs and g-irradiation. Etoposide, a topoisomerase-II inhibitor, as well as doxorubicin, a DNA-intercalating drug, induced apoptosis to similar extents and with an almost identical time course in Farber and control cells (Figure 3b,c) . Furthermore, no dierences in apoptosis sensitivity were detected, when cells were treated with ionizing irradiation (Figure 3d ). These results therefore suggest that ceramide does not play a major role in apoptosis pathways triggered by these stress inducers.
Farber lymphoid cells are more sensitive to CD95-and ceramide-induced apoptosis
Apoptosis induced by the death receptor CD95 comprises another pathway in which ceramide has been implicated as a death mediator, although distinct modes of action have been proposed (De Maria et al., 1997; Grassme et al., 2001) . Following incubation of primary blood lymphocytes with agonistic CD95 antibody for 36 h, both Farber and control cells died to a rather similar extent (Figure 4a ). Interestingly, however, the kinetic of CD95-induced apoptosis was dierent and accelerated in Farber disease cells. Thus, after 12 h of anti-CD95 incubation 42% of the Farber cells died, whereas only 25% of the control cells underwent apoptosis. These dierences of cell death were consistently found in several independent experiments, but did not become more pronounced using lower doses of anti-CD95. We also investigated whether apoptosis sensitivity of Farber disease cells was altered in response to short-chain, cell-permeable ceramide. Most likely due to defective intracellular ceramide degradation, C2-ceramide was signi®cantly more toxic in Farber cells than in normal counterparts ( Figure 4b ). As expected and demonstrated in Figure  4c , Farber disease cells were also more sensitive to low concentrations (5 mM) of the ceramide analog Noleoylethanolamine (NOE) that is a potent inhibitor of ceramidase activity (Sugita et al., 1975) . High concentrations (50 mM) of NOE, which presumably inhibit additional ceramidases and enzymatic reactions such as ceramide glucosylation (Spinedi et al., 1999) , equally induced apoptosis in Farber and normal primary blood lymphocytes.
Farber and normal fibroblasts show similar sensitivity to DNA-damaging agents and staurosporine Because the role of ceramide might be cell-type speci®c, we extended the comparison of apoptosis sensitivity to primary ®broblasts. Fibroblasts from both Farber disease and control individuals did not display a marked sensitivity to anti-CD95 and ionizing irradiation (data not shown). In comparison to lymphoid cells, primary ®broblasts were also less sensitive towards anticancer drug-induced apoptosis. However, although incubation for up to 72 h induced apoptosis in more than 80% of the cells, virtually no dierences were detected between both cell populations. As shown in Figure 5a ± c, in response to staurosporine, daunorubicin and doxorubicin Farber cells underwent apoptosis just as control cells, both quantitatively and with the same kinetics.
Activation of caspases in Farber disease cells
In contrast to the primary lymphoid cells, the use of ®broblasts further allowed us to perform biochemical experiments that require a larger amount of patient's material. We therefore investigated the activation of caspases in Farber disease and control ®broblasts. Using a¯uorimetric caspase assay, staurosporine as well as the anthracyclines doxorubicin and daunorubicin induced the degradation of DEVD-AMC, a caspase-speci®c substrate ( Figure 6 ). The increase in caspase activity preceded the induction of cell death. A comparison of Farber disease and normal ®broblasts, however, revealed only minor dierences in caspase activation. During staurosporine-and doxorubicininduced apoptosis the increase of caspase activation was slightly accelerated in Farber cells, whereas almost no dierences in DEVDase activity were noticed after treatment with daunorubicin.
To investigate the role of ceramide in caspase activation in more detail, we further analysed the kinetic of activation of caspase-3 and caspase-8 by Western blot analysis. Caspase-3 is the major eector caspase that is responsible for induction of DNA cleavage and other alterations of apoptosis (JaÈ nicke et al., 1998; Los et al., 1999) . Caspase-8 exists in two isoforms, caspase-8a and -8b, and acts as the major initiator caspase during death receptor-mediated apoptosis (Scadi et al., 1997) . Caspase-8 can also function as an ampli®er caspase during anticancer drug-induced apoptosis, in which it is activated in a mitochondriadependent pathway downstream of caspase-3 (Tang et al., 2000; Engels et al., 2000) . As shown in Figure 7 , all proapoptotic agents including staurosporine, doxorubicin and daunorubicin induced the processing of the caspase-3 from its p32 inactive proform to the active p17 subunit. Consistent with the DEVDase assay, a slightly accelerated processing of caspase-3 was found in Farber disease cells in comparison to normal ®broblasts. All agents also induced the processing of caspase-8 from its p55/54 precursor form to the p43/41 intermediate fragments that are further processed to p18 active subunit. Similar to caspase-3, the processing of caspase-8 was slightly increased in Farber cells. However, since induction of cell death and also microscopical inspection of apoptotic morphology were very similar in both populations, we do not consider these small dierences to be functionally important. Thus, both lymphocytes and ®broblasts of Farber Figure 2 Induction of apoptosis in primary lymphoid cells in response to staurosporine from a control (upper panels) and Farber disease patient (lower panels). Cells were either left untreated or incubated with 2 mM staurosporine. After 8 h propidium iodide uptake was analysed by¯ow cytometry. Representative data plotted on log histograms are shown as¯uorescence intensity (x-axis) versus relative cell number (y-axis). The number of propidium iodide-positive cells is indicated. Similar data were obtained by measuring formation of hypodiploid DNA by¯ow cytometry disease do not display a considerably altered activation of caspases and apoptosis sensitivity in response to stress-and DNA damage-inducing agents.
Discussion
The sphingolipid ceramide has recently been implicated as an important second messenger molecule, mediating a number of cellular responses to various exogenous stimuli and stress agents. In fact, the intracellular concentration of ceramide has been shown to increase after cell stimulation with cytokines, antibodies, UV and ionizing radiation, anticancer drugs, serum withdrawal, heat and hypoxia (reviewed in Testi, 1996; Hannun, 1996; Kolesnick and KroÈ nke, 1998; Levade and Jarezou, 1999) . However, despite the fact of ceramide generation by these proapoptotic conditions and the cytotoxic eect of ceramide analogues, it is highly controversial whether ceramide exerts a physiological role as a second messenger or executioner during apoptosis (Hofmann and Dixit, 1998) . In the present study we utilized primary cells from a Farber disease patient in order to de®ne the function of ceramide in apoptotic processes. Farber disease is a rare autosomal recessive lysosomal storage disorder caused by the inherited de®ciency of acidic ceramidase. Due to the accumulation of ceramide in various tissues, patients have a short life-span (Sugita et al., 1972; Moser et al., 1969) . However, patients do not display overt developmental defects that should be the consequence of impaired apoptosis. Neither did primary Farber disease ®broblasts or lymphocytes show gross alterations in cell viability.
The best-characterized enzyme in ceramide metabolism is acidic sphingomyelinase. Several previous publications have investigated the role of ceramide using immortalized cells of Niemann-Pick disease, a Farber disease and control ®broblasts display similar sensitivity to cell death induced by DNA-damaging agents and the protein kinase inhibitor staurosporine. Cells were stimulated with 2.5 mM staurosporine (a), 10 mg/ml daunorubicin (b) or 10 mg/ml doxorubicin (c). After the indicated time cells were harvested and hypodiploid nuclei were measured by¯ow cytometry. The results represent the mean values from three independent experiments (s.d.511%) mediated apoptosis, thus strongly suggesting an important role of acidic SMase and ceramide in apoptosis induced by CD95. In contrast, other groups, using the same NPD cell lines or cells from genetically engineered mice de®cient in acidic SMase, found that acidic SMase-de®cient lymphocytes were equally sensitive to CD95-mediated cell death, triggered by either anti-CD95 antibody or CD95 ligand in vitro (Boesen-de Cock et al., 1998; Lin et al., 2000) . The fact that many antagonists of ceramide action did not suppress CD95-mediated apoptosis further indicated that ceramide is not essentially involved in CD95 signaling (Hsu et al., 1998) . Finally, it was found that anticancer drugs and irradiation triggered apoptosis in virally transformed lymphocytes with similar eciency in the absence or presence of acidic SMase (Boesen-de Cock et al., 1998; Bezombes et al., 2001) . Thus, these data suggest that ceramide is dispensable for apoptosis. Currently, these discrepancies of studies using acidic SMase de®cient cells are dicult to explain. Since immortalization and prolonged culture may change the apoptosis sensitivity, we therefore restricted our present analysis to primary, non-transformed cells.
As expected, short-chain ceramide analogues were more toxic in Farber disease than in control cells, which was presumably directly linked to defective ceramide degradation in Farber disease cells. In contrast, we did not detect signi®cant dierences in cell death triggered by various stress stimuli including staurosporine, dierent anticancer drugs or ionizing irradiation. The limitations in patient's primary cells allowed us to perform a detailed biochemical analysis only in ®broblasts. In these experiments, slightly increased levels of caspase activation were detected in Farber cells using Western blot analysis or¯uorogenic caspase assays. However, since caspase activation did not strongly dier between Farber and control ®broblasts, these ®ndings might be not functionally relevant for induction of cell death. Thus, in accordance with a recent report employing SV40-transformed Farber disease ®broblasts (Segui et al., 2000) , our data suggest that ceramide is not a crucial mediator in cell death induced by stress agents such as anticancer drugs or ionizing irradiation. These conclusions also concur with experiments of other groups (Boesen-de Cock et al., 1998; Bezombes et al., 2001) showing that Niemann-Pick disease lymphoblasts and acidic SMase-reconstituted counterparts equally undergo apoptosis in response to various stimuli.
More recently, it has been proposed that the requirement of ceramide and acidic SMase for apoptosis may be cell type-speci®c (Lin et al., 2000; Kirschnek et al., 2000) . Thymocytes from acidic SMase-de®cient mice were found to undergo similar apoptosis as cells from control mice. By contrast, acidic SMase-de®cient mice displayed defects in hepatocyte apoptosis, liver failure and lethality upon injection of anti-CD95 IgG antibody. In view of a potentially cell type-speci®c contribution of ceramide, we therefore extended our analysis to another cell type, i.e. primary lymphocytes. Similar to ®broblasts, Farber lymphoid cells were equally sensitive to stress-induced apoptosis, and virtually no dierences were observed compared to normal cells when apoptosis was induced by staurosporine, anticancer drugs or g-irradiation. Interestingly, however, in several independent experiments we consistently observed dierences in lymphocyte death upon treatment with agonistic anti-CD95 antibody. In Farber disease lymphocytes the kinetic of cell death was signi®cantly accelerated at early time points of apoptosis induction. For instance, after 12 h Figure 6 Comparison of caspase enzymatic activity in Farber disease and normal ®broblasts. Cells were stimulated for the indicated time with staurosporine (a), doxorubicin (b) and daunorubicin (c) as described in Figure 5 . Cellular lysates were then prepared and incubated with DEVD-AMC, a¯uorogenic substrate more speci®c for caspase-3. The catalytic activities are given as nmoles of cleaved DEVD-AMC per min and mg protein, and represent the mean+s.d. from three independent experiments of treatment with anti-CD95 IgG the number of apoptotic Farber cells was almost twofold increased as compared to normal counterparts, whereas at later time points no signi®cant dierences in apoptosis sensitivity were detectable anymore. Thus, these results would agree with the notion that ceramide does not play an essential role as a trigger or second messenger in apoptosis, but may rather act as an ampli®er of receptor-induced cell death within ceramide-rich microdomains in the plasma membrane.
It has been recently described that acidic SMase is not exclusively localized in endosomal and lysosomal compartments, but in fact may also be targeted to the plasma membrane, where it is localized in caveolae (Liu and Anderson, 1995; Schissel et al., 1998) . It is conceivable that generation of ceramide increases membrane¯uidity and raft formation, thereby facilitating receptor signaling (Holopainen et al., 1998; Zundel et al., 2000) . Indeed, recent studies showed that ceramide may be critically involved in cap formation and clustering of the CD95 receptor Cremesti et al., 2001) . This model implies that the requirement of ceramide would critically depend on the amount and aggregation of the applied stimulus. It is noteworthy that most previous studies have used pentamer-forming IgM anti-CD95, which might override the requirement of ceramide in apoptosis. In our study, we used IgG3 anti-CD95 antibody which may be less ecient in receptor crosslinking and trigger a weaker apoptotic signal. Interestingly, while this study was under investigation, it has been reported that overexpression of acidic ceramidase provided protection against TNF-induced cell death in ®broblasts (Strelow et al., 2000) , a ®nding that is fully compatible with the present data.
Whether increased ceramide levels in Farber disease cells are functionally relevant in in vivo conditions, awaits further investigation. In colon biopsies from Farber disease patients an elevated level of apoptotic colonocytes has been recently detected by TUNEL staining (Farina et al., 2000) . As a major symptom Farber disease patients exhibit chronic destructive joint in¯ammation resembling rheumatoid arthritis. Indeed, increased CD95 receptor/ligand expression has been implicated in the pathogenesis of rheumatoid arthritis (Nishioka et al., 1998) . It may be speculated that increased CD95 receptor/ligand expression and enforced CD95 signaling mediated by elevated ceramide levels is involved in the rheumatoid-like symptoms of Farber disease. Taken together, our results argue against a primary function of ceramide as an essential death mediator of stress-induced apoptosis. Nonetheless, our data in primary lymphocytes suggest that ceramide may facilitate death receptor-mediated apoptosis. It will be interesting to investigate whether signaling events induced by other receptors triggering ceramide release, such as TNF-R1, CD40 or CD28, are also modulated in Farber disease cells.
Materials and methods
Cells and reagents
Primary skin ®broblasts from a Farber disease patient and aged-matched control individuals were isolated by standard techniques. Primary blood lymphocytes were isolated from heparin-treated venous blood and puri®ed by Ficoll-Paque gradient centrifugation and plastic adherence in order to remove monocytes. The cells were maintained in RPMI-1640 supplemented with 10% heat-inactivated fetal calf serum, 100 units of penicillin/ml, 0.1 mg streptomycin/ml and 10 mM HEPES (all from Gibco BRL, Eggenstein, Germany). Cells were grown at 378C in a 5% CO 2 atmosphere and maintained in log phase. The chemotherapeutic drugs daunorubicin, etoposide and doxorubicin as well as C2-ceramide, Noleoylethanolamine (NOE) and aminomethylcoumarin (AMC) were purchased from Sigma (Deisenhofen, Germany). Staurosporine was obtained from Roche Molecular Biochemicals (Mannheim, Germany). The agonistic anti-CD95 (IgG 3 ) antibody was obtained from BioCheck (MuÈ nster, Germany). Daunorubicin was dissolved in methanol, doxorubicin, staurosporine, etoposide and C2-ceramide in ethanol and kept as stock solutions at 7708C. Unless otherwise indicated, the following concentrations of death stimuli were used: staurosporine 2.5 mM, doxorubicin and daunorubicin 10 mg/ ml, etoposide 50 mg/ml, anti-CD95 (0.3 mg/ml), and C2-ceramide 5 mg/ml. Cells were g-irradiated with 10 Gy using a 60 Co source (Siemens-Nixdorf, Germany).
Measurement of cell death
For determination of cell death 2610 5 cells per well were seeded in microtiter plates and treated for the indicated times with the chemotherapeutic agents. Fragmented DNA from apoptotic nuclei was measured from ®xed cells. Brie¯y, cells were ®xed in acetone/methanol (1:1) for 10 min at 7208C. After washing with cold PBS, the pellet was resuspended in 400 ml RNase (1 mg/ml) and incubated for 1 h at 48C. After addition of 20 ml of propidium iodide (2 mg/ml, Sigma) hypodiploid nuclei were measured by¯ow cytometry as described Los et al., 2000) . Nuclei to the left of the 2N peak containing hypodiploid DNA were considered as apoptotic. Cell death was also assessed by the uptake of propidium iodide (2 mg/ml) into non®xed cells and subsequent¯ow cytometric analysis using the FSC/FL2 pro®le. All¯ow cytometry analyses were performed on a FACScalibur (Becton Dickinson, Heidelberg, Germany) using CellQuest analysis software.
Cell extracts and immunoblotting
The proteolytic processing of caspase-3 and caspase-8 was detected by immunoblotting. Brie¯y, 5610 5 cells were seeded in 6-well plates and treated with the apoptotic stimuli. After the indicated time, cells were washed in cold PBS and lysed in 1% Triton X-100, 50 mM Tris-HCl, pH7.6 and 150 mM NaCl containing 3 mg/ml aprotinin, 3 mg/ml leupeptin, 3 mg/ml pepstatinA and 2 mM phenylmethylsulfonyl¯uoride (PMSF). Subsequently, proteins were separated under reducing conditions by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and electroblotted to a polyvinylidene di¯uoride membrane (Amersham, Braunschweig, Germany). The equal loading of protein was controlled by measuring the protein concentration using the Bradford assay (BioRad, Munich, Germany). Membranes were blocked for 1 h with 5% non-fat dry milk powder in TBS and then incubated for 1 h with murine monoclonal antibodies directed against caspase-8 (BioCheck) or caspase-3 (Transduction Laboratory, Heidelberg, Germany). Membranes were washed four times with TBS/0.02% Triton X-100 and incubated with the respective peroxidase-conjugated anity-puri®ed secondary antibody for 1 h. Following extensive washing, the reaction was developed by enhanced chemiluminescent staining using ECL reagents (Amersham).
Fluorimetric assay of caspase activity
Cytosolic cell extracts were prepared by lysing 5610 5 cells in a buer containing 0.5%NP-40, 20 mM HEPES pH 7.4, 84 mM KCl, 10 mM MgCl 2 , 0.2 mM EDTA, 0.2 mM EGTA, 1 mM DTT, 5 mg/ml aprotinin, 1 mg/ml leupeptin, 1 mg/ml pepstatin and 1 mM PMSF. Caspase activity was determined by incubation of cell lysates (25 mg protein as determined by the Bradford assay) at 378C with 50 mM of the¯uorogenic substrate DEVD-AMC (N-acetyl-Asp-Glu-Val-Asp-aminomethylcoumarin, Bachem, Heidelberg, Germany) in 200 ml buer containing 50 mM HEPES pH 7.3, 100 mM NaCl, 10% sucrose, 0.1% CHAPS and 10 mM DTT. The release of aminomethylcoumarin (AMC) was measured by¯uorometry using an excitation wavelength of 360 nm and an emission wavelength of 475 nm. Fluorescent units were converted into nmoles of cleaved DEVD-AMC per min and mg protein using a standard curve generated with free AMC.
Measurement of ceramidase activity
The assay was performed in primary cultured ®broblasts as described previously (Chatelut et al., 1996) . Brie¯y, ®bro-blasts were grown in the presence of radioactively labeled 3 Hglucosylceramide for 4 days. Thereafter, cells were washed, lysed, and the cellular lipids were extracted and resolved by thin-layer chromatography. The chromatography plates were then analysed using radioscanner to identify radioactively labeled
